Abstract: G protein coupled receptors (GPCRs) are the most historically successful therapeutic targets. Despite this success there are many important aspects of GPCR pharmacology and function that have yet to be exploited to their full therapeutic potential. One in particular that has been gaining attention in recent times is that of GPCR ligands that bind to allosteric sites on the receptor distinct from the orthosteric site of the endogenous ligand. As therapeutics, allosteric ligands possess many theoretical advantages over their orthosteric counterparts, including more complex modes of action, improved safety, more physiologically appropriate responses, better target selectivity, and reduced likelihood of desensitisation and tachyphylaxis. Despite these advantages, the development of allosteric ligands is often difficult from a medicinal chemistry standpoint due to the more complex challenge of identifying allosteric leads and their often flat or confusing SAR. The present review will consider the advantages and challenges associated with allosteric GPCR ligands, and examine how the particular properties of these ligands may be exploited to uncover the therapeutic potential for free fatty acid sensitive GPCRs.
INTRODUCTION
G protein-coupled receptors (GPCRs) comprise the largest family of membrane bound signal transduction proteins. These receptors are defined by their 7 transmembrane structure and ability to transmit intracellular signaling responses, primarily through the activation of guanine nucleotide binding G proteins, to a wide range of extracellular stimuli ranging from photons of light, to peptides, lipids, neurotransmitters and hormones. It is this ability to generate intracellular responses to extracellular stimuli that has made GPCRs the most historically successful drug targets, with recent estimates suggesting at least 30% of currently available therapeutics act via this family of receptor. Despite their success as drug targets, only a small fraction of known GPCRs are currently targeted, suggesting that GPCRs remain a largely untapped therapeutic resource.
In recent times it has become clear that a number of metabolic intermediates, previously believed to exert their biological effects via intracellular targets, are also capable of activating GPCRs. Of particular interest is a group of GPCRs found to respond to free fatty acids. These include a family of three closely related receptors originally named GPR40, GPR43 and GPR41 [1] , which have now been grouped into the free fatty acid (FFA) family and renamed FFA1, FFA2 and FFA3 respectively [2] , as well as at least two additional receptors officially still classified as orphans, GPR120 and GPR84. Although these receptors all respond to free fatty *Address correspondence to this author at the Wolfson Link Building 253, University of Glasgow, Glasgow G12 8QQ, Scotland, UK; Tel +44 141 330 5557; Fax: +44 141 330 5481; E-mail: Graeme.Milligan@glasgow.ac.uk acid ligands, the specific fatty acids able to activate each receptor varies greatly depending on both chain length and extent of saturation. For example, among the FFA family members, FFA1 is activated by medium and long chain (between 6 and 23 carbon) saturated and unsaturated fatty acids [3, 4] , while both FFA2 and FFA3 respond only to short chain fatty acids (SCFAs) (up to 6 carbon) [5] [6] [7] . GPR120 responds primarily to long chain (16) (17) (18) (19) (20) (21) (22) carbon) unsaturated fatty acids [8] , with a preference sometimes reported for n-3 fatty acids [9] , while GPR84 responds to medium chain length (8) (9) (10) (11) (12) carbon) saturated fatty acids [10] .
Each of these receptors has generated some interest in drug development programmes, most commonly for the treatment of either metabolic or inflammatory conditions [11] [12] [13] [14] [15] [16] [17] . To date, FFA1 has received the most attention, specifically for the treatment of type 2 diabetes, due to its expression in pancreatic cells and ability to enhance glucosestimulated insulin secretion (GSIS) [4] . Indeed, at least two FFA1 agonists have progressed into clinical trials for the treatment of type 2 diabetes (Fig. (1) ); TAK-875 (1) [18] and AMG 837 (2) [19] , with phase II results for 1 showing great promise [20] .
Although FFA1 has received the most attention, substantial interest in the other free fatty acid sensitive GPCRs is also evident. Despite such interest, several experimental challenges associated with these receptors have slowed their progression through the drug development process [14] . These issues have included difficulties in identifying potent and selective ligands, and species orthologue differences in ligand pharmacology and, potentially, expression pattern. Moreover, concerns over receptor desensitisation in situations in which agonism would appear to be the preferred mode of action have been discussed, whilst there are other situations where basic and pre-clinical studies have failed to define clearly whether agonism or antagonism might be the most effective strategy. One drug development approach that may be considered to address and potentially overcome many of these issues is the development of ligands that instead of binding to the orthosteric site of the endogenous ligand(s), interact with a distinct allosteric site. In the present review we will consider the advantages and disadvantages to such an approach to drug development at GPCRs, and examine how this specifically might apply to the receptors for free fatty acids.
ALLOSTERIC MODULATION OF GPCRs
The concept that a molecule binding to a distinct site on a protein may be capable of altering the conformation of that protein so as to modulate function was first described as 'allosterism' in the 1960's [21, 22] . This concept has proven very useful in drug development, particularly for therapeutics targeting ion channels. In contrast, identification and understanding of allosteric modulation of GPCRs has been slower to develop. At least historically, in large part, this has been due to prevalent use of competitive radioligand binding assays to screen for and characterise novel GPCR ligands, an approach not well suited to identifying allosteric compounds [23, 24] . However, the interest in allosteric modulators of GPCRs has received increased attention in recent years [23] [24] [25] [26] [27] [28] , and indeed at least two GPCR allosteric modulators are now approved for clinical use [24] .
Although the classic view of allosterism holds that a ligand binding at one site will result in a change in conformation that alters the function or affinity of a ligand at the second site, this definition is generally modified slightly when used in the context of GPCRs. In this case, a ligand is termed to be 'allosteric' so long as it binds to a site on the receptor distinct from that of the endogenous ligand, the 'orthosteric' binding site. Under this definition allosteric ligands may exert effects through one of two mechanisms (Fig. (2) ): 1) The classic view of allosteric modulation where binding of the allosteric ligand modulates the properties of the orthosteric site; or 2) by directly altering receptor function independent of the orthosteric site. An allosteric ligand may modulate the orthosteric binding site of a GPCR in several ways, specifically through alteration of either affinity or efficacy. In cases where an allosteric ligand enhances affinity/efficacy it is described as a positive allosteric modulator (PAM), while in cases where the allosteric ligand decreases affinity/efficacy it is referred to as a negative allosteric modulator (NAM). Allosteric ligands that directly activate the receptor (independent of ligand binding at the orthosteric site) are described as allosteric agonists. Further complicating the issue, a single allosteric ligand may possess any combination of these properties, with one common example being the so-called 'ago-allosteric' modulators, which are both allosteric agonists and PAMs. However, this does not represent the only possible scenario and indeed allosteric ligands have been described that at the same time act as both a PAM of affinity and NAM of efficacy [29] . Although this complexity may make defining the properties of allosteric ligands challenging, it is also potentially one of the key advantages that make allosteric ligands attractive in drug discovery.
PHARMACOLOGICAL ADVANTAGES OF ALLOS-TERIC GPCR LIGANDS
There are several attributes of allosteric ligands that make them particularly appealing as therapeutics. The first is, as noted above, the varying detail of their potential effects. At least conceptually, an allosteric ligand with a complex mode of action has the potential to produce a more finely tailored biological response than a typical orthosteric agonist or antagonist and, therefore, could be used to develop therapeutics with both improved efficacy and reduced toxicity. Identifying ligands that produce unique functional responses has generated substantial interest lately, although more commonly as it relates to the concept of GPCR functional selectivity or ligand bias [30, 31] . It has become apparent that GPCRs may adopt several different active conformations each capable of producing its own unique set of signaling outcomes. Ligands capable of selectively stabilising one specific active state over the others will therefore direct receptor signaling through the pathway(s) associated with this active state, thus leading to a unique functional response [32, 33] . Conceptually, this could be the basis for a ligand that activates pathways associated with therapeutic benefit, but not pathways associated with adverse side effects. Although this concept applies also to orthosteric ligands, and indeed many functionally selective orthosteric ligands have been described [31, 34, 35] ; the complex behavior of allosteric ligands, along with the fact that they may bind to many different sites, suggests that functional selectivity will likely be much more common among allosteric ligands.
The second major advantage of developing GPCR allosteric ligands as therapeutics is that many only produce an effect in a physiological context when an endogenous orthosteric agonist is also present (with allosteric agonists being the obvious exception). Particularly in cases where agonism is preferred this property provides numerous theoretical A) The effect of a PAM of affinity (dark grey) or efficacy (light grey) on the orthosteric ligand response at a representative GPCR. The PAM binding to a distinct site from the orthosteric agonist (black) alters the receptor conformation so as to increase affinity or efficacy. The resulting concentration-response for the orthosteric agonist in the presence of a single concentration of each PAM is shown. A shift to higher potency for the PAM of affinity and an increased maximal response for the PAM of efficacy are apparent. B) The effect of a NAM of affinity (dark grey) or efficacy (light grey) on the orthosteric ligand response at a representative GPCR. The NAM binds to a distinct site to decrease the affinity or efficacy of the orthosteric agonist. The resulting concentration-response to the orthosteric agonist in the presence of single concentration of each NAM shows a shift to lower potency for the NAM of affinity, and a decreased maximal response for the NAM of efficacy. C) The effect of an allosteric modulator (either a PAM or NAM; dark grey) compared with a full allosteric agonist (light grey) on the GPCR in the absence of orthosteric ligand. While no response is observed with the modulator, the allosteric agonist produces a full signaling response even in the absence of an orthosteric agonist. In this example the potency of the allosteric agonist is approximately equivalent to the potency of the orthosteric agonist. D) Examples of more complex modes of action for allosteric ligands of GPCRs. The ago-allosteric modulator (dark grey) binds to a distinct site and activates the receptor, but also enhances the affinity for the orthosteric agonist. The resulting concentration-response to the orthosteric ligand shows an elevated basal signal due to the allosteric agonism properties of the ligand, combined with a shift to higher orthosteric ligand potency resulting from the PAM property. An example of a ligand that is a PAM of affinity, but a NAM of efficacy is also shown (light grey). In this case, the concentration response to the orthosteric ligand is shifted to lower concentrations due to the PAM effect, while the maximal response is decreased as a result of the NAM properties of the ligand. benefits including improved safety, decreased risk of desensitisation, and more physiologically appropriate temporal and special patterns of receptor activation [25, 26, 28] .
One of the key distinguishing properties of a PAM or NAM compound is that because it binds to a distinct site, and therefore is not directly competitive with the endogenous ligand, its effect are expected to be saturable. This provides a built-in maximum response to the ligand, thus reducing the likelihood of overdose. This has, for example, been critical to developing safe potentiators of the GABA A receptors [36] and although this example is a ligand-gated ion channel, the same principles should apply to developing allosteric modulators of GPCRs where overdose may be a concern. A second advantage of the fact that allosteric modulators only produce an effect in the presence of an orthosteric ligand is that PAMs have a decreased likelihood of inducing receptor desensitisation. Developing agonist ligands for GPCRs is often challenging since most are rapidly phosphorylated and trafficked away from the cell surface after activation by high efficacy agonists. This is not a general concern for the action of endogenous agonist ligands that are normally released on demand and are present in the vicinity of the GPCR only for a short time. In contrast, a pharmaceutical agent is typically maintained at a concentration sufficiently high to occupy a substantial proportion of the GPCR, and as a result, desensitisation and internalisation could easily lead to drug tolerance or tachyphylaxis. The development of PAMs is an obvious solution to this problem since they should not maintain this constant high level of receptor activation. A closely related advantage of PAMs is that, again because they require the presence of the endogenous ligand to produce response, the temporal and special aspects of their effects should be more physiologically appropriate. Perhaps this is of most value within the central nervous system, where being able to potentiate a neurotransmitter response only at active synapses has obvious advantages over globally activating the neurotransmitter's receptor [26] ; however, there are many other systems where this property of a PAM would make it an appealing option over a classic orthosteric agonist as well.
The third major advantage of allosteric ligands for GPCRs is that they provide an alternate means to develop selective ligands for closely related receptors activated by a common endogenous ligand. In these cases, due to the evolutionary pressure to maintain response to the common endogenous ligand, it is not surprising that often the orthosteric binding sites among the individual GPCRs of such families are very similar. As a result, developing selective orthosteric ligands within these families has often been challenging. In contrast, since there is no evidence that allosteric binding sites would be subjected to similar evolutionary pressures, unless they are integral to protein folding and shape, it should be much easier to identify allosteric ligands that will distinguish between closely related receptors. Such has been the case in developing selective allosteric agonists for individual subtypes of both muscarinic [37] and metabotropic glutamate receptors [38] . Finally, since a GPCR presumably has only one orthosteric binding site, yet may have multiple allosteric sites as evidenced by detailed studies of for example muscarinic acetylcholine [37] and FFA1 receptors [39] , developing allosteric ligands also represents a viable strategy in situations where the orthosteric site is simply not amenable to drug development.
Challenges Associated with Allosteric GPCR Ligands
While there are many theoretical advantages of allosteric ligands of GPCRs, there are also a number of challenges associated with their development. These begin with the earliest stages of lead identification, a process typically carried out through either structure-or ligand-based screening approaches. Historically, structure-based screening has been challenging at GPCRs, due to the difficulty in obtaining sufficiently detailed structural information at these receptors. Although atomic level crystal structures of bovine rhodopsin have been available for some time [40] , it is only recently that detailed crystal structures of additional class A rhodopsin-like GPCRs have started to become available [41] [42] [43] [44] [45] [46] [47] [48] and indeed it is even more recent that the first NMR structure of a GPCR within a phospholipid bilayer has been solved [48] . Although the publication of these structures has opened the door to increased structure-based drug development through homology models [50, 51] , this is much more challenging for allosteric ligands, as a suitable allosteric site must first be identified. Further complicating this issue, there are now examples of allosteric ligands that interact with both extracellular loop 2 (ECL2) [52, 53] , and the intracellular carboxyl terminal tail [54, 55] of GPCRs, two regions that are poorly conserved and therefore difficult to predict through homology models. Considering these factors, at present it is clear that structure-based design approaches are often not the best suited to identifying novel allosteric leads.
As a result of these challenges to structure-based screening, the majority of allosteric ligands have instead been identified through cell-based ligand screening. However, the complexity of effects allosteric ligands may have on their receptors means that even screening approaches are significantly more challenging for allosteric ligands. While radioligand competition assays have long been the standard approach to identify orthosteric ligands at GPCRs, these are poorly suited to identifying allosteric ligands. As a result, most screening for allosteric ligands instead utilizes cellbased functional assays. Complicating the issue, if the desired compound is an allosteric modulator (either PAM or NAM) the screening must be conducted in the presence of an orthosteric agonist. Since it is now recognised that allosteric modulators do not necessary produce the same effect on all orthosteric agonists, a phenomena described as 'probe dependence' [25, 56] , the particular orthosteric ligand chosen to use in the screen is critical, though in most cases the endogenous ligand itself is the obvious choice. If instead the goal is to identify allosteric agonists, it is important to confirm any identified 'hits' are actually allosteric in nature through follow-up studies.
Once a lead has been identified, allosteric ligands also present significant challenges to the lead optimisation phase of drug development. Again, due to limitations in homology modeling and, frequently, in defining the location of allosteric binding sites, ligand-based structure-activity relationship (SAR) approaches are generally preferred to structurebased options. Unfortunately, allosteric sites on GPCRs commonly display confusing SAR, making lead optimisation difficult [57, 58] . A classic example of an allosteric site at which structural alterations to the lead produced little insight derived from efforts to identify PAMs for the metabotropic mGluR5 glutamate receptor. In this study only 4.5% of 985 analogues tested were found to be active, despite the fact that an iterative approach to ligand optimisation was employed [59] . Complicating the issue further, it is not uncommon for very small chemical changes in allosteric ligands to result in profound differences to the pharmacological properties of the ligand, for example switching from a PAM to a NAM. This has been explored in greatest detail for mGluR allosteric ligands and, indeed, it has been proposed that 'molecular-switches' present within allosteric binding sites facilitate these vast differences in function in response to minor chemical alterations [60] .
If the issues in lead identification and optimisation can be overcome, there are still additional challenges presented by allosteric ligands. As mentioned above, allosteric binding sites are not believed to be under the same evolutionary pressures as orthosteric sites. While this may be an advantage in developing selective ligands for closely related GPCRs, such a lack of evolutionary pressure may also present a number of significant issues. The first of these is that it could result in much greater variation in the response to an allosteric ligand between species orthologues of a receptor [28] . Although this is likely to complicate the preclinical phase of drug development, where animal models are critical, it does not necessarily preclude the clinical utility of a compound. In contrast, a potentially much more serious problem, that is currently almost completely unexplored, is that the reduced evolutionary pressure may also lead to increased polymorphisms within the human population affecting allosteric ligand function [28] , potentially resulting in substantial populations for which a developed allosteric drug may not be effective.
Taken together, it is clear that while allosteric ligands of GPCRs possess many theoretical advantages from the standpoint of pharmacology, they also present a unique, and particularly challenging, problem to the medicinal chemist. Despite these challenges, it is likely that the benefits will outweigh the drawbacks, and the number of therapeutics acting allosterically at GPCRs will almost certainly increase in the coming years. Considering this, the question remains, how such ligands may solve the issues currently associated with drug development at receptors for free fatty acids.
ALLOSTERIC LIGANDS OF FREE FATTY ACID RECEPTORS AS THERAPEUTICS
All five of the GPCRs currently recognised to respond to free fatty acids have received at least some interest as therapeutic targets. This has been directed primarily towards metabolic and inflammatory conditions, and perhaps not surprisingly given its prevalence, type 2 diabetes has received the greatest attention. The development of therapeutics targeting these receptors has, however, been slowed by a number of specific challenges, not least the development of suitably selective ligands [14] . While this, and other challenges may be addressed with allosteric ligands, there has so far only been a limited effort aimed at identifying and characterising the therapeutic potential of allosteric ligands at the free fatty acid receptors.
Allosteric Ligands for FFA1
Of the free fatty acid sensitive GPCRs, FFA1 has received by far the most attention. This is primarily due to the fact that FFA1 is expressed in pancreatic cells and enhances GSIS [4] . An important feature of this action is that FFA1 agonists only stimulate increased insulin secretion in the presence of glucose, a clear advantage over traditional insulin secretagogues that stimulate insulin secretion regardless of the prevailing concentration of glucose and, as a result, are prone to inducing hypoglycemic episodes in patients [61] . Interestingly, this means that an orthosteric FFA1 agonist produces a functional response in cells that is in many ways analogous to an allosteric modulator in which glucose is analogous to the endogenous orthosteric ligand. Thus, an FFA1 orthosteric agonist is likely to possess many of the benefits typically associated with allosteric modulators, including producing physiologically appropriate temporal responses (only in the presence of elevated glucose), a decreased likelihood of desensitisation, and reduced incidence of adverse effects (hypoglycemia). As a result, the desire to develop allosteric modulators of FFA1 may not be as strong as for other receptors and, indeed, at least within publically available information, drug development programmes at FFA1 have focused entirely on finding potent and selective orthosteric agonists. These efforts have identified many different classes of FFA1 agonist, many with relatively good potency (Fig. (3) ) [19, [62] [63] [64] [65] [66] [67] [68] , all of which have been assumed to be orthosteric. However, a recent study has demonstrated that at least two of these ligands are in fact allosteric [39] , drawing into question the previously assumed orthosteric mode of action of many other FFA1 agonists.
The work to define the orthosteric binding pocket of FFA1 focused on the fact that both the endogenous fatty acid ligands and most of the known synthetic ligands possessed a carboxylate head group and could be considered as synthetic fatty acids. As a result, early modeling and mutagenesis studies explored key positively charged residues that might coordinate this carboxylate [69, 70] . These studies identified two arginine residues (R5.39 and R7.35) and one asparagine (N6.55) that when mutated resulted in a receptor with greatly reduced function for the synthetic agonist GW9508 (3). These mutations also reduced function for the endogenous fatty acid linoleic acid (though to a lesser degree). It was hence concluded that these amino acids coordinated the binding of both 3 and linoleic acid [70] . Although the vast majority of FFA1 agonist ligands possess such a carboxylate, notable exceptions are the thiazolidinedione compounds including: the PPAR activator rosiglitazone (5) [71] , and an FFA1 selective compound developed by Merck (6) [64] . Interestingly, although the thiazolidinedione compounds do not possess a carboxylate, they were found to lose function at mutants of the key arginine and asparagine residues and it was therefore concluded that the thiazolidinedione was acting as a carboxylic acid bioisostere and that these compounds were acting orthosterically [72] .
This orthosteric nature of synthetic FFA1 agonists was not drawn into question until very recently when it was shown that 2, a carboxylate containing agonist of FFA1, did not bind competitively with the fatty acid docosahexaenoic acid (7) [39] . Even more interestingly, another class of carboxylate containing FFA1 agonist represented by AMG Fig. (3) . FFA1 ligands.
1638 (8), did not bind competitively with either 2 or 7. Furthermore, both 2 and 8 showed positive cooperativity with each other as well as with 7 and therefore appear to be agoallosteric modulators of FFA1 [39] . This work indicates there are at least two allosteric binding sites on FFA1, each able to bind carboxylate containing ligands. A third related synthetic FFA1 agonist (9) binds to a site distinct from the allosteric sites of 2 and 8, and appears to be an orthosteric ligand. In most cases, the structures of allosteric ligands for a receptor are unrelated to its orthosteric ligand. However, for FFA1 this clearly does not appear to be the case, as the structures of 2, 8 and 9 must be regarded as closely related. This opens the possibility that other carboxylate containing FFA1 agonists might also act as allosteric ligands. Mutation of R5.39 or R7.35 to alanine eliminated the response to 2, while it had only a small effect on the responses to 6, 8 and 9 [39] . This is similar to what was observed by others with complete loss of function for 3, and only a small reduction reported for linoleic acid [69, 70] , suggesting that 3 most likely binds to the same allosteric site as 2. Clearly much more work needs to be done to determine exactly which FFA1 agonists are binding to which sites and, as described by Lin et al. [39] , the availability of radiolabelled ligands from different chemical series will likely be instrumental in defining this.
With the recognition that at least some FFA1 agonists are allosteric, it raises the question as to what therapeutic implications this might have. Interestingly, it has been noted that several FFA1 agonists, including 2, 3 and 4, are in fact partial agonists compared with the endogenous fatty acids [62, 63, 39, 73] . Given that 2 (and possibly 3 and 4) is allosteric, this may suggest that allosteric agonists of FFA1 produce different functional outcomes than their orthosteric counterparts. In addition to the well-established enhancement of GSIS, FFA1 has also been shown to stimulate the release of glucagon-like peptide-1 (GLP-1) [74] , another promising property for the treatment of type 2 diabetes. Interestingly, a recent study demonstrated that while full agonists of FFA1 were capable of both enhancing GSIS and stimulating GLP-1 secretion in vivo; the partial agonist, 2, only produced the GSIS effect, with no observed GLP-1 secretion [73] . Such an observation may suggest orthosteric full agonists are likely to be better therapeutics than allosteric partial agonists.
Another factor that has complicated the development of FFA1 as a therapeutic target is the fact that although shortterm fatty acid treatment enhances GSIS [75] , chronic fatty acid exposure actually results in cell death and reduced insulin secretion [76] . Early studies in FFA1 -/-mice suggested that both effects were mediated by FFA1 [77] , while conflicting subsequent work indicates that only the positive effects on GSIS are FFA1-mediated [78, 79] . These conflicting results led to significant controversy and confusion over whether agonists or antagonists of FFA1 would actually be most beneficial for long-term treatment. This uncertainty appeared to be resolved when it was demonstrated that an FFA1 selective agonist, 6, produced only the positive effects on GSIS, and did not result in toxic effects on cells [64] . However, given the findings that some FFA1 agonists are allosteric [39] and that there are clear differences in functional outcomes between orthosteric and allosteric FFA1 agonists [73] , it is at least conceivable that the toxic effects of fatty acids on cells could still be FFA1 mediated, but only occur in response to full agonists, or ligands binding to the orthosteric site. It is plausible, therefore, that allosteric agonists of FFA1 may prove to be the best therapeutic option. Indeed, given that the most advanced FFA1 agonist in clinical trials, 1, has significant structural similarity to the allosteric compound 2, including the entire 4-(3-phenylbenzyloxy)dihydrocinnamic acid scaffold and the same stereochemistry at the -carbon, it is entirely possible that 1 is in fact also allosteric. Considering the recently published promising clinical trial results with 1 [20, 80] , this compound may, in the relatively near future, represent a therapeutically approved allosteric agonist of FFA1.
Allosteric Ligands for FFA2 and FFA3
The SCFA receptors FFA2 and FFA3 have also generated interest as therapeutic targets to treat both metabolic and inflammatory conditions. However, the paucity of selective ligands capable of distinguishing between the two has presented a significant challenge in fully defining their function and biology [14] . Although there are differences in the rank order of potency of endogenous SCFAs at FFA2 compared with FFA3 [5, 6] , the potency and selectivity of the endogenous ligands is low [81] . As FFA2 and FFA3 are often coexpressed [6, 78] , this has made interrogating the function of one over the other difficult in the absence of receptor knockdown or knockout strategies. Further complicating the issue is the recent observation that there is significant species orthologue variation in both the potency and selectivity of the endogenous SCFAs for these receptors [82, 83] , further highlighting the need for selective synthetic ligands that can distinguish between FFA2 and FFA3.
An early attempt to identify selective orthosteric ligands for these receptors screened a library of small carboxylic acids (SCAs) and successfully identified compounds with reasonable selectivity both for FFA2 (Fig. (4) ), tiglic acid (10), and FFA3, 1-methylcyclopropanecarboxylic acid (11), [81] . However, although these compounds are selective, their potency is also very low due to the small size and low binding energy of SCAs. Not surprisingly given the relatedness of FFA1-3, efforts to define the orthosteric binding site of FFA2 and FFA3 indicated that an ionic interaction between the key residues conserved across all three FFA family members: R5.39, R7.35 and H6.55 (N6.55 in FFA1) and the carboxylate of the ligand is the primary basis of ligandreceptor interaction [84] . The small size of both the SCFAs and SCAs has led to suggestions that the orthosteric binding pocket of these receptors may be too small to facilitate the development of more potent molecules, however, the recent description of carboxylate containing FFA2-selective agonists that appear likely to be orthosteric (12) [85, 17] , as well as an orthosteric FFA2 inverse agonist (13) [83, 86] , indicates that at least for FFA2, potent orthosteric compounds can be identified and potentially developed.
Challenges in identifying selective orthosteric ligands for FFA2 and FFA3 have resulted in some efforts towards identifying and characterising allosteric compounds for these receptors. In particular, (S)-4-chloro--(1-methylethyl)-N-2-thiazolylbenzeneacetamide (14) was identified in a high throughput screen and found to be a selective ago-allosteric modulator of FFA2 [87] . As is often the case with allosteric ligands, subsequent attempts to explore the SAR of this series were unable to improve on its modest potency despite modification of all parts of the structure [88, 89] . Defining the allosteric site where 14 binds has also presented a substantial challenge, with several modeling and mutagenesis studies unable to determine a precise mode of binding [88] [89] [90] [91] . Somewhat surprisingly, although significant species variation has been observed among the orthosteric SCFAs at FFA2, 14 appears to show little variation in potency and activity between human, rodent [83] and bovine (unpublished observation) orthologues of FFA2. There is, however, also some indication that 14 may produce different signaling responses at FFA2 than the SCFAs, specifically 14 appears to be a full agonist in some pathways but only a partial agonist in others [89] , perhaps suggesting some degree of functional selectivity. This, however, needs to be more clearly defined in future studies.
At present there are far fewer reports of FFA3 selective ligands. Currently only a single series has been disclosed through a patent by Arena Pharmaceuticals, including compounds reported as FFA3 agonists (15) and antagonists (16) [92] . Although it is unclear if these compounds are orthosteric or allosteric, the fact that they do not contain carboxylates, or obvious carboxylate bioisosteres, suggests that they may be allosteric in nature. Small chemical changes between 15 and 16 result in transposition from agonism to antagonism, an observation similar to the molecular switches seen with allosteric modulators of other GPCRs [60] . Although indirect this may also hint that these ligands are allosteric modulators of FFA3.
Although the limited availability of selective ligands has made it challenging to validate FFA2 or FFA3 as therapeutic targets, FFA2 in particular has still attracted significant in- terest for the treatment of metabolic and inflammatory conditions [17, 93, 94] . FFA2 agonists are reported to inhibit lipolysis and regulate plasma free fatty acid levels [95] , enhance glucose uptake in adipocytes [85] and stimulate GLP-1 release [96] ; all properties indicating that agonism of FFA2 may be beneficial for metabolic conditions. However, FFA2 agonists, including the allosteric compound 14, also promote neutrophil chemotaxis [93, 97] , a property potentially detrimental in inflammatory conditions. Indeed, FFA2 -/-mice were protected against tissue damage in a model of colitis [93] , suggesting FFA2 antagonists, and not agonists, might be useful therapeutically for inflammation. These competing considerations may greatly complicate the development of FFA2 ligands and the receptor as a therapeutic target. Indeed, this may suggest that allosteric ligands of FFA2 with more complex or functionally selective modes of action may be a good option for future development of therapeutics targeting this receptor.
Allosteric Ligands and GPR120
Interest in GPR120 as a therapeutic target for type 2 diabetes was piqued with the observation that it is expressed in enteroendocrine cells and may mediate fatty acid-stimulated GLP-1 secretion [8] . The subsequent finding that GPR120 is also responsible for anti-inflammatory and insulin sensitizing effects of n-3 fatty acids only increased the level of interest [9] . Recent genetic data has further strengthened the case for GPR120 as a therapeutic target in that GPR120 -/-mice are more prone to obesity than wild type mice and that a poorly functional polymorphism of GPR120 has been linked to obesity in a human population [98] . Finally, a systems genetics approach identified GPR120 as one of the top 20 genes whose expression level in human islets was linked to type 2 diabetes. Specifically, GPR120 expression was decreased in islets isolated from the cadavers of diabetics compared to healthy controls [99] . Together, these findings suggest that GPR120 agonists might be very promising for the treatment of type 2 diabetes.
Despite the interest in GPR120, validation has been slowed by a lack of potent and selective ligands. Although having only limited sequence similarity, GPR120 responds to the same long chain fatty acids as FFA1. To date, only two academic papers have reported synthetic agonists selective for GPR120 over FFA1 (Fig. (5) ). The first of these reported a low potency ligand (17) with poor selectivity based on carboxylic acid derivatives of PPAR agonists [100] , while the second described a significantly more potent and selective ligand (18) derived from a previously described series of FFA1 agonists [101] . Given the lack of sequence similarity between GPR120 and FFA1 it is perhaps surprising that a wider range of selective and potent compounds has not been described. This may reflect a particular challenge associated with developing ligands for the orthosteric binding site of GPR120 and that developing allosteric agonists for GPR120 may prove a useful approach to obtaining better selectivity in the future.
The orthosteric binding pocket of GPR120 has been examined in some detail, primarily through homology modeling [100, 101, 102] . Interestingly, none of the key positively charged amino acids associated with fatty acid binding to the FFA1-3 family members are conserved in GPR120. Instead, each of the models identified one alternate arginine at position 2.64 as being responsible for a key ionic interaction with the carboxylate head group of the ligand [100, 101, 102] . The importance of R2.64 to the binding and/or function of both endogenous fatty acids [103] and 18 [101] has now been verified by mutagenesis. In addition to the endogenous fatty acids, 17 and 18, a number of other ligands have been described as agonists of GPR120 [14, 16] . These include several disclosed in recent patents 19 [104] , 20 [105] , 21 [106] ; the natural product grifolic acid (22) [107] ; and several FFA1 agonists, including 3 [62] and 4 [101] , that besides relatively potent activity on FFA1 also exhibit micromolar potency on GR120. Structural examination of these GPR120 agonists reveals that the majority are elongated lipophilic compounds containing a carboxylate, and therefore may be regarded as fatty acid analogues and be expected to act at the orthosteric site. However, given the recent data on the non-equivalence of the mode of binding of apparently similar FFA1 ligands [39] , this should be considered tentative in the absence of further information. The two obvious exceptions are 19 and 21, compounds described in patents from Banyu Pharmaceutical [104, 106] . The 3-hydroxyisoxazole moiety of 21 is a carboxylic acid bioisostere, and the compound therefore may very well be an orthosteric agonist. Compound 19, however, contains no thosteric agonist. Compound 19, however, contains no acidic functional group and therefore is perhaps more likely to be an allosteric agonist of GPR120.
Finally, although no allosteric modulators have been reported for GPR120, there may be a strong argument for their development. Agonist stimulation of GPR120 has been shown to cause rapid receptor phosphorylation [108] , strong interaction with -arrestin-2 [9, 101, 103] and internalisation of the receptor [8, 103] . Given that agonism clearly appears to be the preferred mode of action for therapeutically useful GPR120 ligands, these properties indicate that desensitisation could present a major challenge to the future development of such therapeutics. Considering this, a strong case could be made that a PAM would be the best approach for targeting GPR120 in order to avoid these concerns of receptor desensitisation.
Allosteric Ligands and GPR84
The function of GPR84 remains largely unknown, with very few studies published on this receptor. GPR84 appears to be expressed primarily in immune cells [109] and, as a result, most work has focused on a potential role in inflammation [110] . A very interesting recent model cell study has indicated that GPR84 expression may be markedly up regulated in adipose tissue in response to macrophage infiltration, suggesting that GPR84 may play a role in the link between adiposity and diabetes [111] . However, the lack of potent and selective ligands for GPR84 has made studying this in more detail challenging. The endogenous medium chain fatty acids have modest potency and selectivity and no studies aiming to identify novel synthetic ligands have been published. Currently the only described synthetic ligands for GPR84 are indol-3-calbinol (23), and 3,3'-diindolylmethane (24) (Fig. (6) ), two compounds that were identified as surrogate agonists of GPR84 even before it was recognized as a receptor for free fatty acids [112] . Interestingly, while the majority of orthosteric agonists for the other free fatty acid receptors contain a carboxylate moiety, neither 23 nor 24 do, suggesting that these compounds may in fact be allosteric agonists, and future work should consider this possibility. 
CONCLUSION
Despite presenting significant technical challenges to the drug development process, allosteric ligands for GPCRs provide numerous theoretical advantages over their orthosteric counterparts. Allosteric ligands have already been described for two of the free fatty acid sensitive GPCRs, with potentially important therapeutic implications. It also appears likely that several additional ligands already described for these receptors are in fact also allosteric, and indeed allosteric agonists and modulators appear destined to play a critical role in future drug development at fatty acid-sensitive GPCRs.
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